40 Å thick cerium oxide films have been grown on Si͑100͒ substrates via physical vapor deposition of cerium metal in an oxygen background. The films have been characterized for their composition and thermal properties upon deposition and under different annealing conditions via x-ray photoelectron spectroscopy and medium energy ion scattering ͑MEIS͒ and their morphology using atomic force microscopy. By reoxidizing the films in 18 O 2 gas and using MEIS, we investigated the processes responsible for film formation. We found that annealing the as-deposited samples to 750°C produced a cerium silicate film with a sharp silicate:silicon interface. Our results show that the oxygen transport in both the oxide and silicate films occurs via an exchange mechanism.
I. INTRODUCTION
There is considerable interest in using metal oxides for devices, in particular, as alternative dielectrics for aggressively scaled complementary metal oxide semiconductor ͑CMOS͒ applications.
1,2 CeO 2 has a high dielectric constant and is chemically stable on silicon, 3 which makes it a good candidate as an alternate gate dielectric. The dielectric constant for amorphous CeO 2 is ϳ15, 1 for polycrystalline CeO 2 ϳ26, 1 and for single-crystal ceria films on Si͑111͒ as high as 52. 4 The close CeO 2 -Si lattice match makes it a candidate material for heteroepitaxial growth of single-crystal films or for a buffer layer in gate stacks. In particular, CeO 2 ͑100͒-oriented films may be considered for use as a buffer layer between perovskite structures and silicon, 5, 6 and ͑111͒-oriented CeO 2 films as buffer layers in metal ferroelectric insulator semiconductor ͑MFIS͒ structures. 7 Cerium silicate is under investigation for use in blue/violet light-emitting devices, 8, 9 as well.
Since cerium oxide films are attractive candidates for a diverse set of applications, it is necessary to understand the processes that lead to their formation, composition, and behavior under conditions characteristic of device processing, i.e., their evolution upon annealing. The presence of two cerium valence states, Ce III and Ce IV, is a nontrivial complication. Hirschauer et al. have studied CeO 2 films on Si͑111͒. They report a complex film composition, containing silicon oxide, a mixed Ce:Si:O layer, and at least two cerium oxides. 9 The behavior of these interfaces during annealing, particularly the mechanisms of oxidation and reduction for silicon in contact with cerium, and the evolution of the film composition are not well understood. 10, 11 Epitaxial CeO 2 films have been grown on Si͑111͒; 4, 12, 13 however, the task of growing single-crystal cerium oxide films on the ͑more important for commercial applications͒ Si͑100͒ surface has been proven challenging. The difficulty is partly due to the behavior of oxygen at the film-substrate interface. There are a number of possible crystal orientations for CeO 2 at the Si͑100͒ surface, and the resulting films are often polycrystalline. 12, 14, 15 Oxygen presence during film deposition has here an important influence on crystallinity and orientation: [16] [17] [18] the background oxygen pressure and the presence of an amorphous interface during deposition particularly affect the film growth and crystalline direction. 17 The elimination of an amorphous interface is also an issue, 4, 13, 14, 19 as an insulator's usefulness in a silicon-based device depends on the sharpness of the silicon/insulator transition. SiO x forms at the ceria/silicon interface under some conditions, and the SiO 2 and CeO 2 should interact and form mixed phases, unlike Si and CeO 2 . Si oxidation in the presence of Ce is complicated. Ce is known to catalyze the oxidation of Si͑111͒ ͑Ref. 20͒ and Si͑100͒, 21 a process thought to be a consequence of cerium's two valence states, Ce III and Ce IV. 22 Although formation of single-crystal CeO 2 ͑110͒
over Si͑100͒ has been reported, 23, 24 a better understanding of the ceria/silicon interface is clearly needed.
We have deposited cerium oxide films by evaporating cerium metal in an oxygen background on native-oxidecovered Si͑100͒; we use oxide-covered Si͑100͒ so that the surface is well controlled in the presence of gas-phase oxygen. We studied their behavior upon annealing in vacuum as well as after reoxidation in an 18 O 2 background. We have characterized the samples using x-ray photoelectron spectroscopy ͑XPS͒ and medium energy ion scattering ͑MEIS͒.
a͒
We also looked at the sample morphology with atomic force microscopy ͑AFM͒ before and after annealing.
II. EXPERIMENT
Films were deposited by electron beam evaporation of cerium metal in an oxygen background onto Si͑100͒ substrates covered with ϳ10 Å of native oxide. The substrates were prepared by cleaning with methanol and heating in vacuum for several hours at 300°C to remove organic contamination. The base pressure in the deposition chamber was 1.0ϫ 10 −9 Torr, and the e-beam source background due to outgassing during deposition was 5 ϫ 10 −8 Torr. All of the samples were deposited at room temperature in an oxygen background of 6.6ϫ 10 −6 Torr over 10 min time, using a cerium metal evaporator that was built in-house and similar to that described by Beag et al. 25 We performed XPS measurements in situ on the as-deposited films to determine cleanliness, oxidation state, and thickness using a Kratos XSAM 800 surface analysis system. For these measurements, we use a Mg K␣ source. The samples were then transferred through air for MEIS or AFM analysis; for the latter we used a Quesant Q-Scope 250 AFM in noncontact mode.
MEIS is a low-energy, high resolution version of conventional Rutherford backscattering spectroscopy ͑RBS͒. By using a lower ion beam energy ͑130.8 keV protons for the present experiments͒ it is possible to replace the medium resolution semiconductor detectors used in RBS with a high resolution electrostatic ion energy analyzer. The ion-solid interaction follows classical scattering, just as in RBS, making quantitative analysis possible. The incident ions lose energy primarily to electronic excitations ͑including ionization͒ as they travel through the sample; from the averaged energy loss, we extract information about the depth distribution of the target elements. Under favorable conditions, the depth resolution is ϳ3 Å at the outer surface. 26, 27 The ion beam was aligned along the ͓100͔ direction of the Si substrate, resulting in a much reduced signal from the substrate and making detailed analysis of the weak oxygen signal possible. The energy spectra from protons scattered in the ͑110͒ plane were collected simultaneously in an angular range of 20°with an angular resolution of 0.2°, centered around a 128°scattering angle. 28 Unless otherwise noted, all MEIS spectra presented below correspond to a scattering angle of 125°. This corresponds to a double alignment geometry in the substrate, further reducing the background substrate signal. To obtain a depth profile, we compute the energy spectra for tentative model structures and vary them until the best agreement between the calculated and experimental spectra is obtained. For the calculation, we use a screened Coulomb potential ͑the Moliére potential, 29 a numerical approximation to the Thomas-Fermi potential͒ to model the scattering cross section. The elemental stopping powers are given by semiempirical literature values. 30 To account for straggling ͑a broadening of the energy spectrum due to statistical fluctuations in the interactions between the incident beam and the target electrons͒, we assign a Gaussian form to the simulated scattering signal; this Gaussian has a standard deviation numerically derived 31 and empirically fitted 32 using the Hartree-Fock-Slater electronic charge distribution and taking into account correlation effects. The stopping power and straggling in a compound have been determined from elemental values using Bragg's summation rule. The interaction between proton and target is completely described within this framework, leaving film thickness and composition as the only fitting parameters in the model.
III. RESULTS AND DISCUSSION

A. Structure and composition of ceria films
Cerium oxide has a complex cerium core photoelectron structure. The Ce 3d core level high resolution spectrum contains a minimum of ten peaks, four attributed to the Ce 3+ valence state and six due to the Ce 4+ valence state. These peaks arise from 3d 5/2 -3d 3/2 spin orbit splitting combined with possible 4f 0 , 4f 1 , and 4f 2 final states; the peak assignments are discussed in detail in the literature.
11,33-35 Figure 1 shows a medium resolution Ce 3d spectrum from a highly oxidized cerium oxide film and from a mostly reduced cerium oxide film. The predominant features in Fig. 1͑a͒ belong to the 4+ valence state, and Fig. 1͑b͒ contains features characteristic of the 3+ valence state; the spectra are clearly different from one another. Since each of the peaks in the Ce 3d spectrum is distinct, it provides an ideal tool for determining the average oxidation state of the film.
To quantify the XPS data, we used methods similar to those described by Preisler et al., 11 who determined the oxidation state of their cerium oxide on silicon samples by fitting core level spectra, including Ce 3d and Si 2p. Here, we use a linear background subtraction for our medium resolu- tion Ce 3d and Si 2p spectra and fit the data with Gaussian peaks corresponding to core level shifts associated with the relevant oxidation states. The relative weights of the peaks from the best fits then give an estimation of the valence content of the films. To determine the film thickness upon deposition, we used the peak-to-peak ratios of the Ce 4d signal to that of the bulk Si 2p signal. Figure 2 contains raw Ce 3d and Si 2p spectra for several film thicknesses, each deposited under similar oxygen exposure: 6.6ϫ 10 −6 Torr over 10 min. The thickest film is labeled "i." and has a Ce 3d spectrum consistent with the highly oxidized spectrum in Fig. 1͑a͒ . The thinner films "ii." and "iii." are consistent with a superposition of features from Figs. 1͑a͒ and 1͑b͒. The thinnest film in Fig. 2͑a͒ exhibits Ce 3+ character more prominently, as seen in spectrum "iv.," which was obtained from a very thin ͑Ͻ15 Å͒ oxide film. The average oxidation state for the samples contains progressively more Ce 3+ character as the films are deposited more thinly. This is consistent with a layer of Ce 3+ species being deposited at the substrate/film interface, and that layer being covered by a slab containing Ce 4+ species. Figure 2͑b͒ contains the raw Si 2p spectra for the three films i., ii., and iii.; the spectra are similar for all three thicknesses and provide no evidence for differences in the interface structure. However, the Si 2p signals from the interface are shifted in energy relative to the bulk Si signal, indicating that they contain Si 3+ species, likely from an interface silicate, and Si 4+ from SiO 2 . From these data we conclude that upon deposition we create a ternary oxide interface containing Ce and Si species with primarily 3+ valence. The remaining deposited oxide primarily contains the fully oxidized, Ce 4+ species found in CeO 2 . The MEIS energy spectra in Fig. 3 compare films, similar in thickness and deposited under like conditions, which were subsequently annealed in ultrahigh vacuum ͑UHV͒ at 400 and 750°C for several minutes. The former showed no noticeable change compared to the as-deposited film. For MEIS fitting and analysis of the film annealed at 400°C, we model the film structure with a multilayer system assuming the presence of both Ce 3+ and Ce 4+ species and that the deposited film has the layered slab structure of bulk Si: SiO 2 :Ce 2 Si 2 O 7 : CeO 2 . As described above, we attribute the Ce 4+ to a fully oxidized top layer that exists atop of a slab of cerium pyrosilicate, Ce 2 Si 2 O 7 . The CeO 2 layer thickness was the single parameter varied, and the remaining Ce, determined from the Ce peak area in the MEIS spectrum, is ascribed to the submerged pyrosilicate layer. We must introduce an interfacial layer of SiO 2 to the model to account for extra oxygen. The best fit to the measured MEIS spectrum gave CeO 2 , Ce 2 Si 2 O 7 , and SiO 2 thicknesses of 15, 13, and 9 Å, respectively, in good agreement with XPS estimates. Annealing to 750°C produced two additional features in the spectrum characteristic of phase mixing: a distinct shoulder on the high-energy side of the Si peak and a broadening of the Ce peak. The shoulder on the Si peak indicates that there is some Si near the surface of the sample, which could be due to a void formation in the film or Si diffusing from the interface to the surface. Consideration of the Ce peak shape argues against a void formation model: if a void was exposing the substrate Si the width of the Ce peak should remain unchanged, with only its height affected. Instead, the Ce peak broadens ͑corresponding to a Ce distribution over a larger depth͒. In addition ͑see below͒ AFM shows that the surface remains flat. Together with the appearance of the high-energy Si shoulder, these observations imply Si out- diffusion toward the surface at 750°C, consistent with mixing. Because the heating was performed in UHV, we expect that all Ce in the film takes the form of a Ce 3+ species after the high-temperature annealing, since reduction of the Ce 4+ state to the Ce 3+ suboxide via Si oxidation is thermodynamically allowed. We introduce the oxygen deficient silicate Ce 2 O 3 ͑SiO 2 ͒ x with x ഛ 2 to the model used for simulating the energy spectra. We varied the thickness of this layer and stoichiometric coefficient x, and the best agreement between the calculated and experimental spectra was obtained by using x = 1.2, a thickness of the top Ce 2 O 3 ͑SiO 2 ͒ 1.2 layer of 20 Å, and a thickness of the underlying Ce 2 Si 2 O 7 of 18 Å. Our best fits show that there was no interfacial silicon oxide layer in these annealed samples and that the interface with the Si substrate was sharp. Upon heating the samples to higher temperatures, the film remains stable during prolonged annealing at 820°C, but increasing the temperature to 850°C leads to film decomposition. The corresponding MEIS energy spectrum ͑not shown͒ is characterized by a broad and low Ce peak ͑implying Ce distributed over a greater depth͒ and a sharp surface Si peak with long lowenergy tail mimicking that of the Ce peak. All oxygen is removed from the film. We attribute these observations to the formation of Ce silicide islands on a clean Si surface ͑as has been observed for many metal oxide on Si systems annealed in vacuum to high temperature͒. 36, 37 Our AFM measurements indicate that both oxide and silicate films are flat upon deposition with a rms roughness of 1.5-2.2 Å. The films annealed to 750°C remained flat, but those that were heated above 850°C were rough, with a rms value of approximately 100 Å.
In summary, these samples present a possible opportunity: the MEIS spectra here indicate that annealing in vacuum produces a complex but uniform cerium silicate film that does not contain a pure SiO 2 layer at the interface existing in the as-grown films. We suggest that it is possible to control the available oxygen in these samples, for example, by thermal oxidation of a Si substrate prior to Ce deposition or by controlling background oxygen pressure during deposition, to allow for precise oxygen content in the film. This could produce a SiO 2 -free interface while making possible fine tuning of the final film stoichiometry upon annealing to produce desirable compositional and electrical properties for engineering applications. The driving thermodynamics of this multilayer system and the kinetics controlling which ͑multilayer͒ metastable phase structures will be reached will be very condition dependent.
B. Oxygen isotopic substitution and transport
To gain a better understanding of the oxygen transport properties, we reoxidized samples in 18 O 2 gas. A first sample was annealed in UHV to 750°C to convert the as-deposited cerium oxide film into a cerium silicate as described above. This film was then reoxidized in 18 O 2 gas at 500°C and 10 −2 Torr 18 O 2 for 15 min. Figure 4͑a͒ shows the MEIS energy spectra from the film before and after treatment. The change in the Ce peak is negligibly small, indicating that the Ce distribution does not change upon annealing. There are, however, several dramatic changes in the oxygen region of the spectra: ͑1͒ a large 18 O peak appears, indicating significant oxygen incorporation into the film during reoxidation, and ͑2͒ the 16 O peak becomes lower and broader. The second observation combined with a similar increase in the Si peak width ͑0.5 keV͒ and area means that interfacial SiO 2 growth has occurred. The SiO 2 thickness can be estimated easily either from the Si and O peak width increase ͑assuming a proton stopping power in the SiO 2 matrix of 11.6 eV/ Å͒ 38 or from the increase of the Si and total ͑ 16 O+ 18 O͒ oxygen signal ͑assuming a SiO 2 density of 2.19 g / cm 3 ͒. Both methods imply the formation of a 14-16 Å thick SiO 2 interface, confirmed by explicitly fitting the spectra. The measured ratio of visible Si increase to that of O of 1:2.13 is quite close to the 1:2 stoichiometry for silica. From this we conclude that the overall oxygen incorporation in the film is primarily due to an interface reaction with Si. The oxygen gain can be attributed mostly to the formation of interfacial Si oxide, but 18 O is clearly present in the bulk of the silicate film; the reaction in the bulk of the ceria film is mostly limited to the substitution of network 16 O by 18 O, arriving from the gas phase. The increase of the oxygen concentration in the silicate layer would result in a smaller ratio of the increase of visible Si to FIG. 4 . The upper graph shows MEIS energy spectra from the cerium silicate film before and after reoxidation in 18 O 2 . The inset shows the 18 O peak superimposed on the 16 O peak in the same spectrum by shifting its energy position by the known difference in scattered energy. The scattering angle was 133°. The lower graph shows a difference spectra in the oxygen energy region for the films annealed at 400°C ͑filled squares͒ and 750°C ͑open circles͒.
that of O. The observed interfacial oxide thickness here is much higher than that obtained during reoxidation of ZrO 2 oxide films fabricated on Si͑100͒, 39 where a similar amount of SiO 2 was obtained only after exposure to oxygen at much higher pressure ͑1 Torr͒ and higher temperature. The difference is even more striking if we compare the behavior of ceria films to the behavior of hafnium oxide and silicate films under similar oxidation conditions. In the latter system, interaction with oxygen is dominated by an exchange reaction in the bulk of the film with loss of the originally present oxygen into the gas phase without an interfacial reaction with the substrate or overall oxygen uptake. 40 On the contrary, in cerium silicate films, the oxygen uptake prevails over exchange with the gas phase. In particular, we observe an oxygen uptake resulting from 18 in the silicate by reaction with oxygen from the gas phase. To compare the O isotopic distributions after reoxidation, in the inset to Fig. 4͑a͒ we superimpose the 18 O peak on the 16 O peak. The former is shifted relative to its actual position by a value, defined by the difference between the 16 O and 18 O kinematic scattering factors. The 18 O peak intensity is also scaled by the ratio of scattering cross sections for the two O isotopes ͑this ratio is very close to 1͒. The spectra are given for the scattering angle of 133°, which provides a better energy separation of the peaks originating from different oxygen isotopes. The fact that the two O peaks have the same height indicates that there is a uniform isotopic intermixing in the nearly equal proportions in the bulk of the film. The width of the 16 O peak is somewhat larger than that of the 18 O peak. We conclude that the 16 O distribution is broader and is characterized by a deeper penetration into the substrate. The interfacial SiO 2 layer grown during reoxidation is mostly formed by the 16 O isotope initially present in the film. This could not be realized if oxygen from the gas phase was able to migrate directly to the interface via interstitial diffusion; instead, it is transported across the film by an exchange mechanism with network oxygen in the silicate.
A second sample was annealed in vacuum at a lower temperature ͑400°C͒, corresponding to the unchanged spectrum in Fig. 3 , which contains a significant amount of CeO 2 .
As with the first sample, this film was then exposed to 10 −2 Torr 18 O 2 for 15 min at 500°C. Figure 4͑b͒ shows the difference between the spectra before and after reoxidation for this sample compared to the difference spectra for the silicate film shown in Fig. 4͑a͒ . This type of data presentation conveniently describes the 18 O incorporation ͑ 18 O portion of the spectra͒, loss of the oxygen from the film ͑nega-tive fraction of the 16 O peak͒, and inward oxygen diffusion ͑positive fraction of the 16 O peak͒. For Hf ͑and Zr͒ based systems, an increase of the SiO 2 concentration in silicate composition results in slower oxygen transport and reduced reaction rates of oxygen with a film. 40 Increasing the SiO 2 fraction x in HfO 2 ͑SiO 2 ͒ x from 0 ͑pure hafnium oxide͒ to x =1 ͑hafnium silicate͒ results in a reduction of the 18 O gain during reoxidation to an essentially negligible value. The behavior is different for the cerium silicate, however. As seen from Fig. 4͑b͒ , there is only a small difference in oxygen behavior for the two films. A slightly higher 18 O uptake is observed for the silicate, quite different from the strong suppression of oxygen incorporation in hafnium silicate films. Essentially all Ce species in the silicate film are in the incompletely oxidized 3+ state, while the cerium oxide film contains Ce 4+ . That could contribute to easier oxygen incorporation into the cerium silicate by means of Ce oxidation into 4+ state and its subsequent reduction to Ce 3+ by Si oxidation. Also, the SiO 2 interfacial layer, initially present in the film containing CeO 2 and not found in the silicate film, makes oxygen reaction with substrate Si more difficult in the case of the CeO 2 film.
IV. CONCLUSIONS
We have studied cerium oxide films on Si͑100͒ using MEIS, XPS, and AFM. The as-deposited films consisted of ϳ40 Å thick cerium oxide and silicate over an ϳ10 Å silicacovered substrate as determined by XPS and MEIS. Vacuum annealing these films to 750°C readily converted the cerium oxide to cerium silicate. Thermal stability and composition studies on the oxide and silicate films were performed using MEIS under several annealing conditions and upon reoxidation in 18 O 2 gas. Finally, we have studied the film morphology before and after annealing using AFM.
Under the conditions of this study, the films grew with slablike morphology, with the Si substrate covered with, in order, silica:silicate:ceria, a metastable structure, with the relative thickness of the more stable silicate layer controlled by temperature and time. The oxygen isotopic MEIS analysis showed that oxygen transport in both the ceria and cerium silicate films happens via an exchange mechanism, although at different rates. Upon reoxidation of the cerium oxide and silicate films, the SiO 2 formation is more pronounced than in the hafnium oxide and hafnium silicate cases, where only O exchange in the bulk of the film occurs under similar oxidation conditions. Converting the ceria films into a silicate by vacuum annealing did not result in a significant change in the O reaction rate: this can be attributed to ͑1͒ a larger concentration of the Ce 3+ species that are quick to react with oxygen and ͑2͒ a thinner interfacial SiO 2 barrier layer ͑resulting from mixing into silicate upon annealing͒ in the silicate film as compared to the oxide. In addition, AFM results show that the films remain flat under the annealing conditions used here until they decompose.
Our MEIS data show that annealing the films in vacuum produces a cerium silicate film with a sharp silicon-silicate interface: the complex silicate films that resulted from vacuum annealing possessed no interfacial silicon oxide layer ͑presumably limited by the total oxygen content in the overlayer͒. Studying these cerium silicate films for high-k device applications could be promising, but a careful study to electrically characterize the silicate films is needed. We suggest that it is possible to control the oxygen content in these films; the composition is strongly a function of temperature and oxygen exposure, so fine tuning the films' stoichiometry for engineering applications appears possible. While a more detailed study may well show a more complex behavior, our AFM data to date indicate that the films remain reasonably flat during heating to 750°C.
